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Socioeconomic disparities—and particularly differences in educational attainment—are
associated with remarkable differences in cognition and behavior across the life-span.
Decreased educational attainment has been linked to increased exposure to life stressors,
which in turn have been associated with structural differences in the hippocampus and
the amygdala. However, the degree to which educational attainment is directly associated
with anatomical differences in these structures remains unclear. Recent studies in children
have found socioeconomic differences in regional brain volume in the hippocampus
and amygdala across childhood and adolescence. Here we expand on this work, by
investigating whether disparities in hippocampal and amygdala volume persist across the
life-span. In a sample of 275 individuals from the BRAINnet Foundation database ranging
in age from 17 to 87, we found that socioeconomic status (SES), as operationalized by
years of educational attainment, moderates the effect of age on hippocampal volume.
Specifically, hippocampal volume tended to markedly decrease with age among less
educated individuals, whereas age-related reductions in hippocampal volume were less
pronounced among more highly educated individuals. No such effects were found for
amygdala volume. Possiblemechanisms by which educationmay buffer age-related effects
on hippocampal volume are discussed.
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INTRODUCTION
Socioeconomic disparities are associated with remarkable differ-
ences in cognition and behavior (Noble et al., 2005, 2007; Farah
et al., 2006; D’Angiulli et al., 2008; Gianaros et al., 2008; Hackman
and Farah, 2009; Kishiyama et al., 2009; Stevens et al., 2009;
Raizada and Kishiyama, 2010), with ramifications for physical
andmental health across the lifespan (Brooks-Gunn and Duncan,
1997; McLoyd, 1998; Gianaros and Manuck, 2010).
Socioeconomic status (SES) is typically characterized by mul-
tiple factors, including educational attainment, occupation, and
income level (McLoyd, 1998). In childhood, SES is typically quan-
tified by measuring parental levels of these indicators. In contrast,
studies of SES among adults more commonly focus on an individ-
ual’s own socioeconomic position (Stern, 2002; Scarmeas et al.,
2006; Gianaros et al., 2007a). Adult socioeconomic attainment
may influence cognition across the life-course independently of
childhood SES (Turrell et al., 2002), and the effects of child-
hood SES may operate on adult cognitive achievement indirectly
through adult socioeconomic position (Singh-Manoux et al.,
2005).
Different components of SES may operate differentially on
specific life outcomes, via different mechanisms (Duncan and
Magnuson, 2012; Noble et al., 2012). However, across the lifespan,
educational attainment is arguably the single socioeconomic vari-
able that best predicts both cognitive and neural outcomes. For
example, in adulthood, an individual’s level of education has been
related to an array of cognitive skills, including processing speed,
workingmemory, verbal fluency, and episodic memory (Zahodne
et al., 2011). Similarly, in healthy elderly individuals, some inves-
tigators have reported associations between higher education and
increased cortical thickness across a large number of cortical
regions (Liu et al., 2012) although other studies have failed to find
similar relationships (Seo et al., 2011).
Educational attainment may have differential effects on partic-
ular brain regions over the life course. Of course, SES in general,
and educational attainment specifically, is a marker for a broad
conglomerate of experiences and exposures. Many environmen-
tal factors have been shown to affect regionally specific brain
development (Rosenzweig, 2003; McEwen and Gianaros, 2010),
and thus are likely candidates in mediating the links between
educational disparities and specific neurocognitive outcomes. For
example, lower levels of education have been associated with
increased exposure to numerous life stressors, including uncer-
tainty about material resources such as food or clothing; chaotic
households; and exposure to violence (Evans, 2004). Exposure to
stressors may in turn relate to structural differences in specific
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brain regions that are particularly responsive to stress, includ-
ing the hippocampus (Buss et al., 2007; Felmingham et al., 2009;
McEwen and Gianaros, 2010; Tottenham and Sheridan, 2010;
Teicher et al., 2012) and the amygdala (McEwen and Gianaros,
2010; Tottenham and Sheridan, 2010). However, results have been
mixed concerning the degree to which educational attainment is
itself directly associated with measurable anatomic differences in
these two neural regions.
One recent study found that higher educational attainment
was associated with decreased white matter mean diffusivity in
the hippocampus (Piras et al., 2011). However, other studies have
failed to find effects of educational attainment on hippocampal
volume (Kidron et al., 1997; Hanson et al., 2011; Noble et al.,
2012) or cortical thickness (Liu et al., 2012). One recent study
found that childhood SES, as operationalized by adult recall of
childhood home conditions and paternal occupation, predicted
adult hippocampal volume, whereas adult educational attainment
did not (Staff et al., 2012). Further, one study of postmenopausal
women found that, although hippocampal volume varied as a
function of perceived stress, this effect was not accounted for by
differences in education levels (Gianaros et al., 2007b).
In the amygdala, some investigators have reported positive
relationships between educational attainment and regional vol-
ume (Laakso et al., 1995; Noble et al., 2012) while others have
not (Gianaros et al., 2007b; Hanson et al., 2011). Other studies
have reported significant associations between levels of educa-
tion (Dannlowski et al., 2012) or subjective social status (Gianaros
et al., 2008; Muscatell et al., 2012) and amygdala function.
One way to reconcile these seemingly disparate findings is to
note that, although a number studies have examined the effects of
educational disparities on regional brain structure, the majority
have done so within a relatively narrow age range. To our knowl-
edge, no study has assessed whether any effect of educational
attainment on these structures may be moderated by the age of
participants across the lifespan. As the absence of a main effect
is uninterpretable in the presence of an interaction (Pedhazur,
1997a), this represents a significant gap in the literature.
The theory of “brain reserve” suggests that higher levels of
education may confer benefits in brain structure or function that
may buffer against age-related changes (Stern, 2002, 2006). Early
exposure to cognitively stimulating experiences may be protec-
tive against later insult (Holt and Mikati, 2011). For example, one
recent study found that, while greater educational attainment did
not protect individuals from neuropathology, it did reduce the
risk of developing clinical dementia relative to less educated indi-
viduals with similar degrees of pathology (Brayne et al., 2010).
In that study, education was also associated with brain weight,
suggesting that the compensatory influence of education may be
mediated by increased regional or global brain volume.
Based on this reasoning, we hypothesized that educational
attainment may be associated with regional volumetric differ-
ences in the hippocampus and amygdala across the life-course.
Further, we predicted that the effects of educational attainment
would not be consistent across all ages, but rather would be most
pronounced in buffering against age-related decline. To test these
hypotheses, we employed structural magnetic resonance imaging
(MRI) to assess regional hippocampal and amygdala volume in
an educationally diverse sample of adults across a seven-decade
age range.
MATERIALS AND METHODS
SUBJECTS
Subjects were compiled from the Brain Resource International
Database, accessed via the independently governed 501(c)(3)
BRAINnet Foundation (http://www.BRAINnet.net). Wave I data
from this standardized database comprise demographic, self-
report, physiologic, and neuroimaging data on healthy partici-
pants ranging in age from 7 to 87, collected from six primary
sites throughout the world (Gordon et al., 2005; Grieve et al.,
2005). For the current study, participants included the 275 indi-
viduals (152 female) who were 17 years of age or older (average
age 39.7 years, s.d. 17, range 17–87), and for whom both years
of educational attainment as well as hippocampal and amygdala
regional volumes were available (see Table 1). The majority of
the sample self-identified as having European ancestry (74%).
Additionally, 5.1% of the sample self-identified as having African
ancestry, 5.8% were of Asian ancestry (including Middle Eastern
or Indian subcontinent), 0.4% were Indigenous Australian, 0.4%
were Pacific Islander, 8.4% identified as mixed race/ethnicity, and
5.8% preferred not to answer.
This participant cohort represents a community sample found
in the major cities of Australia with no known bias in region-wise
education or distribution of educational attainment. Although
individuals from lower socioeconomic backgrounds are often dif-
ficult to recruit to participate in research studies, educational
attainment of the sample spanned a wide range (mean 14 years,
s.d. 3.1, range 3–18 years). This range of education is due in part
to the fact that, across Australia, educational attainment is fairly
diverse, with approximately 25% of individuals not earning a
high school diploma, approximately 45% of individuals complet-
ing high school only, and approximately 30% completing some
type of post-secondary education (Pink and Australian Bureau of
Statistics, 2010).
MRI data sets came from two imaging sites: Westmead
Hospital (Sydney, Australia) and Wakefield Imaging (Adelaide,
Australia). All participants in the study were recruited from the
general population in the Sydney and Adelaide urban and sub-
urban areas within Australia through standard recruitment pro-
cedures (e.g., community advertisements). Cross-site reliability
has been established (Grieve et al., 2005). As age and educational
attainment are nearly perfectly correlated in younger children,
children in the database under 17 years old were excluded from
the analysis, as it would be impossible to de-confound the effects
Table 1 | Demographics of sample.
Education High school Some College Total
level or less college and up
N 89 83 103 275
Age:
Mean (s.d.) 48 (19) 35 (16) 36 (13) 39.7 (17)
Sex 49 female, 42 female, 83 female, 152 female,
40 male 41 male 89 male 123 male
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of age and education among this group. By the late teenage years,
however, it is possible to distinguish the effects of age and edu-
cation. For example, among the 35 teenagers in the sample aged
17–19, the range of education spanned from 11 (less than high
school) to 16 years (college degree). This is possible, in part,
because not all individuals complete high school and/or go on to
college, and conversely, because most Australian universities have
mechanisms for accepting talented youngsters to university early,
before the completion of high school (Victorian Government
Department of Education and Early Childhood Development,
2010).
Participants completedWebQ, a standardized computer-based
battery of questionnaires that assess medical history, demograph-
ics, and psychological function, including current or lifetime
diagnosis of neurological and psychiatric (Axis 1) conditions
(Heatherton et al., 1991; Trzepacz and Baker, 1993; Bush et al.,
1998; Spitzer et al., 1999; Breslau and Kessler, 2001; Hickie et al.,
2001) (for more information see Gatt et al., 2009; Williams et al.,
2009). All participants in the database were excluded from fur-
ther participation if they had history of brain injury, significant
medical, neurological or psychiatric conditions, and/or drug or
alcohol addiction. Individuals with first-degree family members
with an Axis I disorder were also excluded. No specific screening
for neurodegenerative disorders was performed. However, a sub-
set of participants completed a test of memory performance, as
described below.
All participants provided informed consent in accordance with
the National Health and Medical Research Council of Australia
guidelines. Participation was voluntary and participants were
reimbursed to cover cost for their time and travel to the research
center.
MEMORY TESTING
One hundred fourteen of the participants had complete data
on a Memory Recall and Recognition test. This test is a vari-
ant of the Rey Auditory Verbal Learning and Memory task (Rey,
1964; Geffen et al., 1990), commonly used to provide measures
of auditory-verbal learning, recall, and recognition. Briefly, the
participant is presented with a sequence of 12 words binaurally
via headphones, 1 s at a time. The participant is instructed to
say back as many of the words as they can remember from the
list, in any order. This procedure is then repeated three more
times, with the same instructions. The total number of words
recalled during these four trials is recorded. The participant is
then presented with a second list of words (which are neither
semantically nor phonetically related to the first list) and asked
to say back as many of these as can be remembered (Distractor
Trial). Immediately following this trial, the participant is asked
to recall as many words as can be remembered from the first list
(Immediate Recall Trial). Approximately 25min later, after com-
pleting a number of other tests in the battery, the participant is
again asked to recall as many words as possible from the first list
(Delayed Recall Trial). The subject is then presented one at a time
with a series of 24 words on the computer screen (Recognition
Trial). Half of these words are the words from the first list; the
remaining words are new words. The words are in fixed, pseudo-
random order. Following each word, the participant is required
to touch a “Yes” or “No” button on the touchscreen according to
whether or not the word was in the first list.
MRI SCAN ACQUISITION
MRI was conducted on a 1.5 Tesla Siemens Sonata system at
Westmead Hospital, Sydney and a 1.5 Tesla Siemens Sonata at
Perrett Imaging, Flinders University, Australia. The MRI proto-
col included a 3-D T1-weighted image acquired in the sagittal
plane using anMPRAGE sequence (TR= 9.7ms; TE= 4ms; echo
train 7; flip angle = 12◦; TI = 200ms; NEX = 1). A total of 180
1mm slices (without gap) were acquired with a 256 × 256 matrix
with an in plane resolution of 1mm × 1mm. Approximately 1%
of the MRI data were excluded from the overall database due to
MRI technical acquisition errors/artifact.
MRI ANALYSIS
Volumetric segmentation was performed on the 3D T1-weighted
structural images with the FreeSurfer image analysis suite (ver-
sion 4.3) (http://surfer.nmr.mgh.harvard.edu/), which has been
shown to be comparable in accuracy to manual labeling (Fischl
et al., 2002). The technical details of these procedures are
described in detail elsewhere (Dale et al., 1999; Fischl et al., 1999;
Fisher and Defries, 2002; Grieve et al., 2011). Volumetric mea-
surements of the hippocampus and the amygdala were generated
with FreeSurfer’s automatic quantification of subcortical struc-
tures, which assigns a neuroanatomical label to each voxel in an
MRI volume based on probabilistic information estimated from
a manually labeled training set (see Figure 1). The classification
technique employs a non-linear registration procedure that is
robust to anatomical variability, as described in detail elsewhere
(Fischl et al., 2002). Anatomically labeled structures were manu-
ally inspected for accuracy, and corrected if necessary. Total brain
volumes, which were used as a covariate in the statistical analyses,
were also generated automatically with the FreeSurfer processing
stream.
STATISTICAL ANALYSES
To assess whether educational attainment influences regional
brain volume across the life-span, we conducted a series of
regression analyses, with total hippocampal volume or amygdala
volume as the dependent variable, and years of educational attain-
ment as the independent variable of interest. Analyses included
age, sex, and total brain volume as covariates. We hypothe-
sized that educational attainment would account for variation
in regional brain volume, adjusting for age, sex, and total brain
volume. Additionally, we examined the extent to which age-
related regional brain volumetric differences would be modified
by educational attainment. Specifically, we predicted a significant
education × age interaction, such that age-related decreases in
regional brain volume would be less steep among more highly
educated individuals.
For ease of presentation, results in tables and figures are at
times presented using categorical bins of age and educational
attainment. However, unless otherwise noted, statistical analyses
considered age in years and years of education as continuous vari-
ables, to take advantage of the full level of detail provided by the
dataset.
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FIGURE 1 | Hippocampus and amygdala regions of interest. The bilateral hippocampi are depicted in yellow. The bilateral amygdalae are depicted in blue.
RESULTS
REGIONAL VOLUMETRIC DATA
Table 2 shows hippocampal and amygdala volumetric data, bro-
ken down by age and gender categories.
Both hippocampal and amygdala volumes were normally
distributed across the sample, without outliers (Hippocampus:
skewness = −0.089 (SE 0.147), kurtosis = 1.175 (SE 0.293),
Kolmogorov–Smirnov normality statistic = 0.041, p = 0.2;
Amygdala: skewness = 0.306 (SE 0.147), kurtosis = 0.618,
(SE 0.293), Kolmogorov–Smirnov normality statistic = 0.041,
p = 0.2).
MAIN EFFECTS—HIPPOCAMPUS
Initial bivariate correlations showed that age was significantly
negatively associated with hippocampal size across the entire age
range (r = −0.374; p < 2.1 × 10−11). However, the data were
better fit by a quadratic function for age (r = −0.402; p < 4.3 ×
10−12), reflecting the fact that hippocampal volume tends to
increase until approximately age 30, at which point hippocampal
Table 2 | Hippocampus and amygdala volume, by age and sex.
Hippocampal volume, Amygdala volume,
mm3 mean (s.d.) mm3 mean (s.d.)
Males <35 9004 (871) 3421 (352)
Males 35 and up 8187 (1063) 3103 (455)
Females <35 8248 (711) 2968 (306)
Females 35 and up 7893 (830) 2847 (329)
volume tends to decline (Grieve et al., 2011). Age2 was therefore
included as a regressor in all models below.
Additionally, across the entire age range, educational attain-
ment was positively and linearly associated with hippocampal
size (R = 0.236; p < 7.9 × 10−5). When adjusting for age, sex,
and total brain volume, however, the main effect of educational
attainment did not account for significant unique variance in total
hippocampal volume (Beta= 0.078; p < 0.076), left hippocampal
volume (Beta = 0.086; p < 0.053), or right hippocampal volume
(Beta = 0.065; p < 0.15).
MAIN EFFECTS—AMYGDALA
Similar to the findings in the hippocampus, bivariate correlations
revealed a significant negative association between amygdala vol-
ume and age (r = −0.239; p < 2.9 × 10−5), with the data best fit
by a quadratic function for age (r = −0.254; p < 2.04 × 10−5)
(Grieve et al., 2011).
A significant linear association between amygdala volume and
educational attainment was also observed (r = 0.154; p < 0.01).
Again, however, themain effect of educational attainment on total
amygdala volume was no longer significant when adjusting for
age, sex, and total brain volume (Beta = 0.029; p = 0.515). Nor
was this effect significant when the left (Beta = 0.073; p < 0.094)
or right (Beta = −0.016; p < 0.744) amygdala were considered
separately.
AGE BY EDUCATION INTERACTIONS
Of interest next was the extent to which the effect of age on
regional volume varied by an individual’s educational attain-
ment. To assess this hypothesis, models above were extended
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to include terms for an age × education interaction. We first
assessed the hippocampus. A significant age × education inter-
action was present (R2 change = 0.021, Beta =0.498 p < 0.001),
suggesting that the effect of age on hippocampal volume is not
constant across all levels of educational attainment. This finding
is portrayed in Figure 2, where it can be seen that the age-related
decline in hippocampal volume ismoderated by education. In this
figure, the data are divided according to median split of individ-
uals by age and education. There is no difference in hippocampal
size by education among individuals younger than 35 years of age
[t(136) = −0.636; p = 0.53]. However, among individuals older
than 35 years, there is a highly significant difference in hippocam-
pal size, with more highly educated individuals having larger
hippocampi [t(135) = −5.6; p < 0.0001].
When considered separately, both left and right hippocampi
showed a similar interaction (left hippocampus: Beta = 0.508,
p < 0.001; right hippocampus: Beta = 0.462, p < 0.002).
Figure 3 shows a “dose-dependent” effect of education: The
observed age-related volumetric decreases in hippocampal vol-
ume are greater among less educated individuals relative to more
highly educated individuals. Less difference in hippocampal vol-
ume is seen with age among the highest educated individuals.
Of note, there was a wide span of educational attainment
across the entire age range, with the educational spectrum rep-
resented across each age range, from young adults to elderly
individuals (see Table 1). Nonetheless, there was a significant cor-
relation between age and education (r = −0.257; p < 0.0001),
such that older participants were on average less educated than
FIGURE 2 | Higher educational attainment buffers age-related decrease
in hippocampal volume. A significant education × age interaction is
present for hippocampal volume (Beta = 0.498 p < 0.001), such that
age-related decline in hippocampal volume is smaller among individuals
with higher educational attainment. For clarity of presentation, educational
attainment and age are represented graphically by median split. There was
no difference in hippocampal volume according to education in the younger
half of the subject pool. However, among older participants, more highly
educated individuals had significantly larger hippocampi (∗∗∗p < 0.0001).
Error bars represent ±1 standard error.
younger participants. For this reason, we also examined the
full model excluding “influential points” in this correlation.
Influential points were identified using the standardized differ-
ence in beta, defined as the difference in the standardized regres-
sion coefficient as a result of deleting a particular case, divided
by the standard error of this difference. Any value greater than
2/
√
n was excluded (Pedhazur, 1997b). Among the remaining 267
participants, the age× education interaction remained significant
(Beta = 0.454; p < 0.001), suggesting that the moderating effect
of education on age-related decreases in hippocampal volume is
an accurate description of the sample, and not a spurious finding
driven by the influence of a small number of subjects with extreme
values. These 267 participants are represented in Figure 3.
No significant education × age interaction was observed in
total amygdala volume, or left or right hemispheres considered
separately, regardless of whether influential points were included
or excluded, suggesting that the effect of age on amygdala volume
is independent of educational attainment.
MEMORY TESTING
No specific clinical testing was done to assess whether partici-
pants may have had early signs of a neurodegenerative disease.
However, the scores of the 114 participants who had valid data for
the Memory Recall and Recognition test were extremely similar to
FIGURE 3 | A dose-dependent moderating effect of education on
age-related decrease in hippocampal volume. A “dose-dependent”
effect of education is observed. Age-related decline in hippocampal volume
is most pronounced among the least educated individuals. In contrast,
age-related reduction in hippocampal volume is mitigated among individuals
with higher educational attainment. Hippocampal volume is portrayed as
the unstandardized residual, after adjusting for sex and total brain volume.
The figure excludes the 13 data points that represented “influential points”
as identified using the standardized difference in beta. Note that all
analyses were performed using continuous variables for age, years of
educational attainment, and hippocampal volume. For clarity of
presentation, educational attainment is represented graphically in bins, with
high school or less portrayed with circles/solid line; some college portrayed
with diamonds/dashed-dotted line; and college or beyond portrayed with
squares/dotted line.
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those of the 1007 participants in the full BrainNet International
Database, from which our sample was drawn (Clark et al., 2006),
(see Table 3).
On the total immediate recall score, 100% of participants in
the present study performed within one standard deviation of
the full sample mean. On the short delay score, 98% of partic-
ipants scored within one standard deviation of the full sample
mean, and 100% scored within two standard deviations. On the
long delay score, 95% of participants scored within one stan-
dard deviation, and 98% scored within two standard deviations
of the full sample mean. On the recognition accuracy score, 96%
scored within one standard deviation, and 98% scored within
two standard deviations of the full sample mean. When exclud-
ing participants who scored more than two standard deviations
below the database mean on any memory subtest, the age × edu-
cation interaction in hippocampal volume remained significant
(Beta = 0.504; p < 0.0004).
DISCUSSION
Here we found that educational attainment buffers against age-
related differences in hippocampal volume. Similar results were
not found in the amygdala, a nearby medial temporal lobe struc-
ture, suggesting that results may be at least somewhat specific to
the hippocampus.
IMPLICATIONS
The idea that, among older individuals, higher levels of education
confer benefits in brain structure or function that buffer against
age-related changes or brain pathology is often referred to as
“brain” or “cognitive” reserve (Stern, 2002, 2006). For instance,
some studies have found that Alzheimer’s Disease (AD) is less
prevalent among individuals with higher levels of education
(Kidron et al., 1997), and it has been suggested that this may be
due to a protective effect whereby individuals with more educa-
tion may not manifest clinical symptoms of disease until higher
levels of neural pathology are reached (Scarmeas et al., 2006;
Julkunen et al., 2010; Seo et al., 2011; Liu et al., 2012).
Table 3 | Memory task performance in the present sample relative to
the full database.
Males Females
Mean s.d. Mean s.d.
Immediate Present sample 32.13 4.31 33.19 4.80
recall (n = 114)
Full database 30.76 6.98 31.78 7.17
Short delay Present sample 7.96 1.96 8.41 1.88
recall (n = 114)
Full database 7.52 2.62 8.04 2.60
Long delay Present sample 7.41 1.93 7.90 2.17
recall (n = 114)
Full database 7.34 2.40 7.89 2.52
Recognition Present sample 11.16 1.04 11.14 1.57
(n = 114)
Full database 10.96 1.40 11.06 1.30
The present study provides some support for this theory. A
“dose-dependent” effect of education was found, such that age-
related decreases in hippocampal volume were steepest among
the least educated individuals. In contrast, age-related decrease
in hippocampal volume was less pronounced among individu-
als with higher educational attainment. It is thus possible that,
among this sample of healthy individuals, higher levels of edu-
cation were able to counteract typical age-related changes in
hippocampal structure. The functional significance of these dif-
ferential rates of decline may reflect greater retention of the
cognitive functions, including declarative memory performance,
which rely on this structure (Grieve et al., 2011).
POSSIBLE MECHANISMS
Many components of SES tend to vary with educational attain-
ment and may themselves be important factors in understanding
mechanistic pathways. Other objective socioeconomic indicators
include measures of income and occupation, which were not
available in the dataset studied here. Although education, occu-
pation and income tend to be highly correlated (McLoyd, 1998),
they may nonetheless act independently in predicting different
outcomes of interest (Duncan and Magnuson, 2012; Noble et al.,
2012). For instance, previous work has suggested that family
income levels and parental educational attainment may not act
in concert in predicting hippocampal and amygdala volumes in
children (Hanson et al., 2011; Noble et al., 2012). Further, subjec-
tive social status, or an individual’s perception of where he or she
stands in the social hierarchy, may predict regional brain struc-
ture and/or function over and above objective socioeconomic
measures (Gianaros et al., 2007a, 2008).
Socioeconomic variables—including differences in educa-
tional attainment—likely represent relatively distal forces oper-
ating on cognitive and neural outcomes. However, SES has been
associated with many factors that have been shown to exert more
proximal effects on regional brain structure. One well described
pathway includes differences in exposure to stress or allostatic
load (McEwen, 1998, 1999, 2000, 2001a,b; Evans, 2004; Evans
and Schamberg, 2009; Gianaros and Manuck, 2010; McEwen and
Gianaros, 2010).
In both animals and humans, the experience of stress has been
linked to differences in the structure of the hippocampus (Rao
et al., 2010; Tottenham and Sheridan, 2010). The animal litera-
ture has shown cascading negative effects of early life stress on
hippocampal development at the cellular, anatomic and func-
tional levels (Sapolsky, 1996; McEwen, 1999; Brunson et al.,
2005; Gianaros and Manuck, 2010; McEwen and Gianaros, 2010;
Tottenham and Sheridan, 2010). Conversely, adult offspring of
female rodents that exhibit high licking and grooming of pups—
a model of “parental nurturance”—show increased hippocampal
synaptic density and plasticity (Liu et al., 2000; Champagne et al.,
2008), and improved performance in hippocampal-dependent
forms of memory (Liu et al., 2000).
In studies of human adults, self-reported stress exposure,
stress-related mental illness, and the prior experience of child
abuse have all been associated with decreased hippocampal vol-
ume (Sheline et al., 1996; Bremner et al., 1997; Geuze et al.,
2005; Kitayama et al., 2005; Gianaros et al., 2007b; Tottenham and
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Sheridan, 2010; Dannlowski et al., 2012). [Findings concerning
the association between stress exposure and hippocampal size in
children, however, have been less consistent (Woon and Hedges,
2008; De Bellis et al., 2010; Rao et al., 2010)].
In the socioeconomically diverse sample of adults studied here,
one possibility is that differences in the experience of stress may
mediate the association between educational attainment and hip-
pocampal volume. Future research will be necessary to directly
test this putative mediating pathway.
Interestingly, and contrary to initial predictions, we only found
a moderating effect of educational attainment on regional volume
in the hippocampus, and not in the amygdala. Research in ani-
mals has demonstrated that the experience of stress profoundly
affects development of the amygdala (Makino et al., 1994, 1999;
Bonaz and Rivest, 1998; Wood et al., 2003; Moriceau, 2004), and
human neuroimaging studies also suggest that the amygdala may
be structurally altered by stress (Tottenham et al., 2010). Thus, if
the reported effects of education could be completely explained
by differences in exposure to stress, one would have expected
to see effects in the amygdala as well. It is therefore likely that
some other mechanistic factors might explain the effects of edu-
cational attainment on hippocampal volume described here. Of
course, many factors, including but not limited to prenatal fac-
tors, nutrition, exercise, parenting, and the quality and quantity
of the schooling experience, are associated with an individual’s
educational attainment, and may serve as more proximal mecha-
nisms underlying the results reported here. Indeed, it is likely that
multiple such experiential factors contribute to the moderating
effects of educational attainment on hippocampal volume.
Finally, while differences in experience have direct effects
on the hippocampus, it should also be noted that interactions
between age, educational attainment and hippocampal volume
may in part be explained by differences in genes and/or gene-
environment interactions. Future research will be necessary to
disentangle the various causal pathways.
EFFECTS OF EDUCATION ACROSS THE LIFESPAN
In a recent study of 60 socioeconomically diverse children and
adolescents, we found that parental education levels predicted
children’s amygdala volumes, but not hippocampal volumes
(Noble et al., 2012). (In contrast, parental income levels predicted
hippocampal but not amygdala volumes.) This differs from the
findings reported here, in which educational attainment mod-
erated hippocampal, but not amygdala volume. Several notable
differences may help to reconcile these findings.
The two studies included a non-overlapping age range of
participants: the previous study examined children between the
ages of 5 and 17, whereas the present study includes individu-
als between the ages of 17 and 87. Human neuroimaging studies
have suggested that the effects of adversity on amygdala struc-
ture may vary based on the age of the population studied. In
adulthood, the experience of highly stressful events has been asso-
ciated with smaller amygdala size (Driessen et al., 2000; Schmahl
et al., 2003; Tottenham and Sheridan, 2010), whereas in children,
adverse caregiving circumstances have been associated with atyp-
ically large amygdala volume (Mehta et al., 2009; Tottenham et al.,
2010). Thus, it is similarly possible that any effects of education on
amygdala structure may be different in childhood versus adult-
hood, even considering the broad range of adult ages studied
here.
A second possible explanation is that the previous study in
children examined parental education levels, whereas the current
study examined the participants’ education levels. (Unfortunately
parental educational attainment was not available in the current
dataset.) It is therefore possible that differences in parental educa-
tion may reflect differences in childhood experience or parenting
that are not necessarily captured by one’s own ultimate educa-
tional attainment. For instance, lower parent education has been
associated with lower levels of parental nurturance (Brooks-Gunn
and Markman, 2005), which may have particular importance for
amygdala structure (Tottenham et al., 2010). Additionally, it is
possible that the association between adult educational attain-
ment and hippocampal volume may be mediated by the material
resources individuals were exposed to as children (e.g., parental
SES). Indeed, differential effects on hippocampal volumes have
been described as a function of childhood SES versus adult SES.
For example, several reports have found that higher childhood
SES is associated with larger hippocampi (Hanson et al., 2011;
Jednoróg et al., 2012; Noble et al., 2012). Intriguingly, Staff et al.
(2012) recently reported that childhood SES, as operationalized
by adult recall of childhood home conditions and paternal occu-
pation, predicted adult hippocampal volume, whereas adult SES
did not. This suggests that the high degree of neural plastic-
ity in childhood may underlie effects observed decades later.
Ideally, future work in adults will incorporate measures of both
parental education and participant education to better sort out
these disparate effects.
A third possibility is that the previous study, with only 60 par-
ticipants, had reduced power with which to detect an effect of
education on hippocampal volume, whereas the greater sample
size in the present study allowed such an effect to be revealed
here. This explanation alone would not, however, explain why we
failed to find a link between educational attainment and amygdala
volume in the present study.
LIMITATIONS
This study suffers from several limitations. First, by nature, it
is difficult to draw strong conclusions concerning development
and aging in a cross-sectional sample. While a longitudinal study
spanning the entire 7-decade range of the present sample is
unlikely to be feasible, longitudinal data are currently being
acquired on a subset of these individuals, which may provide
better evidence concerning rate of change.
Secondly, because this study represented a secondary analysis
of an existing dataset, the sample was not originally recruited with
the goal of optimizing educational diversity across the age spec-
trum. Thus, one limitation is the commonly reported negative
correlation between age and education in the study participants
(Piras et al., 2011). However, all analyses adjusted for age, and we
attempted to mitigate such concerns in the interaction analyses
by excluding overly influential points. Nonetheless, future inves-
tigations should intentionally recruit a sample in which age and
education are fully de-confounded. Further, we do not have data
regarding whether participants received all their education early
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in life, or whether they instead obtained part-time or “continuing
education” later in adulthood.
Third, as mentioned above, we had no information on other
aspects of objective or subjective SES, such as income, occu-
pational status, or perceived social standing, which may have
differentially predicted regional brain volumes. Nor did we have
information on environmental factors, such as exposure to stres-
sors or other putative mechanistic factors, which would have
enabled us to directly test the degree to which such factors
mediate our findings.
Fourth, although all participants were healthy at the time of
testing, no specific screening for neurodegenerative disorders was
performed, and it is therefore possible that some participants
who would go on to develop neurodegenerative disease later on
may have showed early signs of brain atrophy. A subset of par-
ticipants had complete data on a memory recall and recognition
test, and among this subset, scores were very similar to the full
database of participants who completed this task, suggesting that
at the time of scanning, the vast majority of participants had nor-
mal memory performance. Further, results were unchanged when
known outliers on this were excluded. Nonetheless, this represents
an important limitation given the increased risk of developing
AD among individuals with low levels of education (Karp et al.,
2004).
Finally, although the moderating effect of education on hip-
pocampal volume across the lifespan is provocative, the direc-
tion of causality is unclear. Future work should build upon
these findings by collecting longitudinal data on educational
attainment, hypothesized environmental mediators, and brain
structure over time.
CONCLUSIONS
Across a 7-decade age range in adulthood, higher educational
attainment buffers age-related decline in hippocampal volume,
such that hippocampal volume tends to markedly decrease with
age among less educated individuals, whereas hippocampal vol-
umetric decreases with age are less pronounced among more
educated individuals. No such effects were found for amyg-
dala volume. This provides some support for “brain reserve
theory” and suggests the possibility that higher education may
be protective against age-related regional volumetric decreases.
Alternatively, it is possible that higher education may allow for
better compensatory mechanisms. Future research will be neces-
sary to elucidate the mechanisms that underlie these effects.
ACKNOWLEDGMENTS
We acknowledge the data and support provided by BRAINnet;
www.BRAINnet.net, under the governance of the BRAINnet
Foundation. BRAINnet is the scientific network that coordinates
access to the Brain Resource International Database for indepen-
dent scientific purposes. We also thank the individuals who gave
their time to participate in the database. Funding for this work
was partially supported by the John M. Driscoll, MD Scholars
Program awarded to Kimberly G. Noble, and by NIH grants
AG029949 and AG034189, and a grant from the Alzheimer’s
Association, awarded to AdamM. Brickman.
REFERENCES
Bonaz, B., and Rivest, S. (1998). Effect
of a chronic stress on CRF neuronal
activity and expression of its type
1 receptor in the rat brain. Am. J.
Physiol. 275, R1438–R1449.
Brayne, C., Ince, P. G., Keage, H.
A. D., McKeith, I. G., Matthews,
F. E., Polvikoski, T., et al. (2010).
Education, the brain and dementia:
neuroprotection or compensation?
Brain 133, 2210–2216.
Bremner, J. D., Randall, P., Vermetten,
E., Staib, L., Bronen, R. A., Mazure,
C., et al. (1997). Magnetic resonance
imaging-based measurement of hip-
pocampal volume in posttraumatic
stress disorder related to childhood
physical and sexual abuse–a pre-
liminary report. Biol. Psychiatry 41,
23–32.
Breslau, N., and Kessler, R. C. (2001).
The stressor criterion in DSM-
IV posttraumatic stress disorder:
an empirical investigation. Biol.
Psychiatry 50, 699–704.
Brooks-Gunn, J., and Duncan, G. J.
(1997). The effects of poverty on
children. Future Child. 7, 55–71.
Brooks-Gunn, J., and Markman, L. B.
(2005). The contribution of par-
enting to ethnic and racial gaps in
school readiness. Future Child. 15,
139–168.
Brunson, K. L., Kramá, E., Lin, B.,
Chen, Y., Colgin, L. L., Yanagihara,
T. K., et al. (2005). Mechanisms
of late-onset cognitive decline after
early-life stress. J. Neurosci. 25,
9328–9338.
Bush, K., Kivlahan, D. R., McDonell,
M. B., Fihn, S. D., and Bradley, K.
A. (1998). The AUDIT alcohol con-
sumption questions (AUDIT-C): an
effective brief screening test for
problem drinking. Ambulatory care
quality improvement project. Arch.
Intern. Med. 158, 1789–1795.
Buss, C., Lord, C., Wadiwalla, M.,
Hellhammer, D. H., Lupien, S.
J., Meaney, M. J., et al. (2007).
Maternal care modulates the rela-
tionship between prenatal risk and
hippocampal volume in women
but not in men. J. Neurosci. 27,
2592–2595.
Champagne, D. L., Bagot, R. C.,
Van Hasselt, F., Ramakers, G.,
Meaney, M. J., De Kloet, E. R.,
et al. (2008). Maternal care and
hippocampal plasticity: evidence
for experience-dependent structural
plasticity, altered synaptic function-
ing, and differential responsiveness
to glucocorticoids and stress. J.
Neurosci. 28, 6037–6045.
Clark, C. R., Paul, R. H., Williams,
L. M., Arns, M., Fallahpour,
K., Handmer, C., et al. (2006).
Standardized assessment of cogni-
tive functioning during develop-
ment and aging using an auto-
mated touchscreen battery. Arch.
Clin. Neuropsychol. 21, 449–467.
Dale, A. M., Fischl, B., and Sereno,
M. I. (1999). Cortical surface-based
analysis I: segmentation and sur-
face reconstruction. Neuroimage 9,
179–194.
D’Angiulli, A., Herdman, A., Stapells,
D., and Hertzman, C. (2008).
Children’s event-related potentials
of auditory selective attention vary
with their socioeconomic status.
Neuropsychology 22, 293–300.
Dannlowski, U., Stuhrmann, A.,
Beutelmann, V., Zwanzger, P.,
Lenzen, T., Grotegerd, D., et al.
(2012). Limbic scars: long-term
consequences of childhood mal-
treatment revealed by functional
and structural magnetic reso-
nance imaging. Biol. Psychiatry 71,
286–293.
De Bellis, M. D., Hooper, S. R., Woolley,
D. P., and Shenk, C. E. (2010).
Demographic, maltreatment, and
neurobiological correlates of PTSD
symptoms in children and ado-
lescents. J. Pediatr. Psychol. 35,
570–577.
Driessen, M., Herrmann, J., Stahl, K.,
Zwaan, M., Meier, S., Hill, A.,
et al. (2000). Magnetic resonance
imaging volumes of the hippocam-
pus and the amygdala in women
with borderline personality disorder
and early traumatization. Arch. Gen.
Psychiatry 57, 1115–1122.
Duncan,G. J., andMagnuson,K.(2012).
Socioeconomic status and cognitive
functioning: moving from correla-
tion to causation. Wiley Interdiscip.
Rev. Cogn. Sci. 3, 377–386.
Evans, G. W. (2004). The environment
of childhood poverty. Am. Psychol.
59, 77–92.
Evans, G. W., and Schamberg, M. A.
(2009). Childhood poverty, chronic
stress, and adult working memory.
Proc. Natl. Acad. Sci. U.S.A. 106,
6545–6549.
Farah, M. J., Shera, D. M., Savage,
J. H., Betancourt, L., Giannetta, J.
M., Brodsky, N. L., et al. (2006).
Childhood poverty: specific associ-
ations with neurocognitive develop-
ment. Brain Res. 1, 166–174.
Frontiers in Human Neuroscience www.frontiersin.org November 2012 | Volume 6 | Article 307 | 8
Noble et al. Educational disparities in hippocampal volume
Felmingham, K., Williams, L. M.,
Whitford, T. J., Falconer, E., Kemp,
A. H., Peduto, A., et al. (2009).
Duration of posttraumatic stress
disorder predicts hippocampal
grey matter loss. Neuroreport 20,
1402–1406.
Fischl, B., Salat, D. H., Busa, E., Albert,
M., Dieterich, M., Haselgrove, C.,
et al. (2002). Whole brain seg-
mentation: automated labeling of
neuroanatomical structures in the
human brain. Neuron 33, 341–355.
Fischl, B., Sereno, M. I., and Dale,
A. M. (1999). Cortical surface-
based analysis II: inflation,
flattening, and a surface-based
coordinate system. Neuroimage 9,
195–207.
Fisher, S. E., and Defries, J. C. (2002).
Developmental dyslexia: genetic
dissection of a complex cognitive
trait. Nat. Rev. Neurosci. 3, 767–780.
Gatt, J. M., Nemeroff, C. B., Dobson-
Stone, C., Paul, R. H., Bryant,
R. A., Schofield, P. R., et al.
(2009). Interactions between BDNF
Val66Met polymorphism and early
life stress predict brain and arousal
pathways to syndromal depression
and anxiety. Mol. Psychiatry 14,
681–695.
Geffen, G., Moar, K. J., O’Hanlon,
A. P., Clark, C. R., and Geffen,
L. B. (1990). Performance mea-
sures of 16- to 86-year-old males
and females on the auditory verbal
learning test. Clin. Neuropsychol. 4,
45–63.
Geuze, E., Vermetten, E., and Bremner,
J. D. (2005). MR-based in vivo hip-
pocampal volumetrics: 2. Findings
in neuropsychiatric disorders. Mol.
Psychiatry 10, 160–184.
Gianaros, P. J., Horenstein, J. A., Cohen,
S., Matthews, K. A., Brown, S.
M., Flory, J. D., et al. (2007a).
Perigenual anterior cingulate mor-
phology covaries with perceived
social standing. Soc. Cogn. Affect.
Neurosci. 2, 161–173.
Gianaros, P. J., Horenstein, J. A.,
Hariri, A. R., Sheu, L. K., Manuck,
S. B., Matthews, K. A., et al.
(2008). Potential neural embedding
of parental social standing. Soc.
Cogn. Affect. Neurosci. 3, 91–96.
Gianaros, P. J., Jennings, J. R., Sheu,
L. K., Greer, P. J., Kuller, L. H.,
and Matthews, K. A. (2007b).
Prospective reports of chronic
life stress predict decreased grey
matter volume in the hippocampus.
Neuroimage 35, 795–803.
Gianaros, P. J., and Manuck, S. B.
(2010). Neurobiological pathways
linking socioeconomic position
and health. Psychosom. Med. 72,
450–461.
Gordon, E., Cooper, N., Rennie, C.,
Hermens, D., and Williams, L.
M. (2005). Integrative neuroscience:
the role of a standardized database.
Clin. EEG Neurosci. 36, 64–75.
Grieve, S. M., Clark, C. R., Williams,
L. M., Peduto, A. J., and Gordon,
E. (2005). Preservation of limbic
and paralimbic structures in aging.
Hum. Brain Mapp. 25, 391–401.
Grieve, S. M., Korgaonkar, M. S.,
Clark, C. R., and Williams, L.
M. (2011). Regional heterogene-
ity in limbic maturational changes:
evidence from integrating corti-
cal thickness, volumetric and dif-
fusion tensor imaging measures.
Neuroimage 55, 868–879.
Hackman, D., and Farah, M. J. (2009).
Socioeconomic status and the devel-
oping brain. Trends Cogn. Sci. 13,
65–73.
Hanson, J. L., Chandra, A., Wolfe, B. L.,
and Pollak, S. D. (2011). Association
between income and the hippocam-
pus. PLoS ONE 6:e18712. doi:
10.1371/journal.pone.0018712
Heatherton, T. F., Kozlowski, L. T.,
Frecker, R. C., and Fagerstrom,
K.-O. (1991). The fagerström test
for nicotine dependence: a revi-
sion of the fagerstrom tolerance
questionnaire. Br. J. Addict. 86,
1119–1127.
Hickie, I. B., Davenport, T. A.,
Naismith, S. L., and Scott, E.
M. (2001). SPHERE: a national
depression project. SPHERE
national secretariat. Med. J. Aust.
175(Suppl.), S4–S5.
Holt, R. L., and Mikati, M. A. (2011).
Care for child development: basic
science rationale and effects of
interventions. Pediatr. Neurol. 44,
239–253.
Jednoróg, K., Altarelli, I., Monzalvo, K.,
Fluss, J., Dubois, J., Billard, C., et al.
(2012). The influence of socioeco-
nomic status on children’s brain
structure. PLoS ONE 7:e42486. doi:
10.1371/journal.pone.0042486
Julkunen, V., Niskanen, E.,
Koikkalainen, J., Herukka, S.
K., Pihlajamäki, M., Hallikainen,
M., et al. (2010). Differences in
cortical thickness in healthy con-
trols, subjects with mild cognitive
impairment, and Alzheimer’s dis-
ease patients: a longitudinal study.
J. Alzheimers Dis. 21, 1141–1151.
Karp, A., Kareholt, I., Qiu, C.,
Bellander, T., Winblad, B., and
Fratiglioni, L. (2004). Relation of
education and occupation-based
socioeconomic status to Alzheimer’s
disease. Am. J. Epidemiol. 159,
175–183.
Kidron, D., Black, S. E., Stanchev, P.,
Buck, B., Szalai, J. P., Parker, J., et al.
(1997). Quantitative MR volumetry
in Alzheimer’s disease. Neurology
49, 1504–1512.
Kishiyama, M. M., Boyce, W. T.,
Jimenez, A. M., Perry, L. M., and
Knight, R. T. (2009). Socioeconomic
disparities affect prefrontal function
in children. J. Cogn. Neurosci. 21,
1106–1115.
Kitayama, N., Vaccarino, V., Kutner,
M., Weiss, P., and Bremner, J.
D. (2005). Magnetic resonance
imaging (MRI) measurement
of hippocampal volume in
posttraumatic stress disorder: a
meta-analysis. J. Affect. Disord. 88,
79–86.
Laakso, M. P., Partanen, K., Lehtovirta,
M., Hallikainen, M., Hanninen, T.,
Vainio, P., et al. (1995). MRI of
amygdala fails to diagnose early
Alzheimer’s disease. Neuroreport 6,
2414–2418.
Liu, D., Diorio, J., Day, J. C., Francis,
D. D., and Meaney, M. J. (2000).
Maternal care, hippocampal synap-
togenesis and cognitive develop-
ment in rats. Nat. Neurosci. 3,
799–806.
Liu, Y., Julkunen, V., Paajanen,
T., Westman, E., Wahlund,
L.-O., Aitken, A., et al. (2012).
Education increases reserve against
Alzheimer’s disease—evidence
from structural MRI analysis.
Neuroradiology 54, 929–938.
Makino, S., Gold, P. W., and Schulkin,
J. (1994). Corticosterone effects
on corticotropin-releasing hormone
mRNA in the central nucleus of
the amydgala and the parvocellu-
lar region of the paraventricular
nucleus of the hypothalamus. Brain
Res. 640, 105–112.
Makino, S., Shibasaki, T., Yamauchi,
N., Nishioka, T., Mimoto, T.,
Wakabayashi, I., et al. (1999).
Psychological stress increased
corticotropin-releasing hormone
mRNA and content in the central
nucleus of the amygdala but not in
the hypothalamic paraventricular
nucleus in the rat. Brain Res. 850,
136–143.
McEwen, B. S. (1998). Stress, adap-
tation, and disease. Allostasis and
allostatic load. Ann. N.Y. Acad. Sci.
840, 33–44.
McEwen, B. S. (1999). Stress and
hippocampal plasticity. Annu. Rev.
Neurosci. 22, 105–122.
McEwen, B. S. (2000). The neurobiol-
ogy of stress: from serendipity to
clinical relevance. Brain Res. 886,
172–189.
McEwen, B. S. (2001a). Frommolecules
to mind: stress, individual differ-
ences, and the social environment.
Ann. N.Y. Acad. Sci. 935, 42–49.
McEwen, B. S. (2001b). Plasticity of
the hippocampus: adaptation to
chronic stress and allostatic load.
Ann. N.Y. Acad. Sci. 933, 265–277.
McEwen, B. S., and Gianaros, P. J.
(2010). Central role of the brain
in stress and adaptation: links to
socioeconomic status, health, and
disease. Ann. N.Y. Acad. Sci. 1186,
190–222.
McLoyd, V. C. (1998). Socioeconomic
disadvantage and child develop-
ment. Am. Psychol. 53, 185–204.
Mehta, M. A., Golembo, N. I., Nosarti,
C., Colvert, E., Mota, A., Williams,
S. C. R., et al. (2009). Amygdala,
hippocampal and corpus callosum
size following severe early insti-
tutional deprivation: the English
and Romanian Adoptees study
pilot. J. Child Psychol. Psychiatry 50,
943–951.
Moriceau, S. (2004). Corticosterone
controls the developmental emer-
gence of fear and amygdala function
to predator odors in infant rat pups.
Int. J. Dev. Neurosci. 22, 415.
Muscatell, K. A., Morelli, S. A., Falk,
E. B., Way, B. M., Pfeifer, J. H.,
Galinsky, A. D., et al. (2012).
Social status modulates neural
activity in the mentalizing network.
Neuroimage 60, 1771–1777.
Noble, K. G., Houston, S. M., Kan,
E., and Sowell, E. R. (2012). Neural
correlates of socioeconomic status
in the developing human brain.
Dev. Sci. 15, 516–527.
Noble, K. G., McCandliss, B. D., and
Farah, M. J. (2007). Socioeconomic
gradients predict individual differ-
ences in neurocognitive abilities.
Dev. Sci. 10, 464–480.
Noble, K. G., Norman, M. F., and Farah,
M. J. (2005). Neurocognitive cor-
relates of socioeconomic status in
kindergarten children. Dev. Sci. 8,
74–87.
Pedhazur, E. J. (1997a). “Multiple
categorical independent variables
and factorial designs,” in Multiple
Regression in Behavioral Research:
Explanation and Prediction,
(South Melbourne, VIC, Australia:
Wadsworth Thomson Learning),
410–512.
Pedhazur, E. J. (1997b). “Regression
diagnostics,” in Multiple Regression
in Behavioral Research: Explanation
and Prediction, 3rd edn. (South
Melbourne, VIC, Australia: Wads-
worth Thomson Learning), 43–61.
Pink, B., and Australian Bureau
of Statistics. (2010). “2009-10
Yearbook Australia (no. 91)”.
Canberra, Australia: Australian
Bureau of Statistics.
Piras, F., Cherubini, A., Caltagirone, C.,
and Spalletta, G. (2011). Education
Frontiers in Human Neuroscience www.frontiersin.org November 2012 | Volume 6 | Article 307 | 9
Noble et al. Educational disparities in hippocampal volume
mediates microstructural changes in
bilateral hippocampus. Hum. Brain
Mapp. 32, 282–289.
Raizada, R. D., and Kishiyama, M.
M. (2010). Effects of socioeconomic
status on brain development, and
how cognitive neuroscience may
contribute to levelling the playing
field. Front. Hum. Neurosci. 4:3. doi:
10.3389/neuro.09.003.2010
Rao, H., Betancourt, L., Giannetta, J.
M., Brodsky, N. L., Korczykowski,
M., Avants, B. B., et al. (2010).
Early parental care is important for
hippocampal maturation: Evidence
from brain morphology in humans.
Neuroimage 49, 1144–1150.
Rey, A. (1964). L’Examen Clinique en
Psychologie. Paris, France: Presses
Universitaire de France.
Rosenzweig, M. R. (2003). Effects of
differential experience on the brain
and behavior.Dev. Neuropsychol. 24,
523–540.
Sapolsky, R. M. (1996). Stress, gluco-
corticoids and damage to the ner-
vous system: the current state of
confusion. Stress 1, 1–19.
Scarmeas, N., Albert, S. M., Manly, J. J.,
and Stern, Y. (2006). Education and
rates of cognitive decline in inci-
dent Alzheimer’s disease. J. Neurol.
Neurosurg. Psychiatry 77, 308–316.
Schmahl, C. G., Vermetten, E., Elzinga,
B. M., and Douglas Bremner, J.
(2003). Magnetic resonance imag-
ing of hippocampal and amygdala
volume in women with childhood
abuse and borderline personal-
ity disorder. Psychiatry Res. 122,
193–198.
Seo, S. W., Im, K., Lee, J.-M., Kim,
S. T., Ahn, H. J., Go, S. M.,
et al. (2011). Effects of demo-
graphic factors on cortical thickness
in Alzheimer’s disease. Neurobiol.
Aging 32, 200–209.
Sheline, Y. I., Wang, P., Gado, M.
H., Csernansky, J. G., and Vannier,
M. W. (1996). Hippocampal atro-
phy in recurrent major depression.
Proc. Natl. Acad. Sci. U.S.A. 93,
3908–3913.
Singh-Manoux, A., Richards, M., and
Marmot, M. (2005). Socioeconomic
position across the lifecourse: how
does it relate to cognitive func-
tion in mid-life? Ann. Epidemiol. 15,
572–578.
Spitzer, R. L., Kroenke, K., Williams, J.
B., and Group, A. T. P. H. Q. P. C.
S. (1999). Validation and utility of
a self-report version of PRIME-MD.
JAMA 282, 1737–1744.
Staff, R. T., Murray, A. D., Ahearn,
T. S., Mustafa, N., Fox, H. C., and
Whalley, L. J. (2012). Childhood
socioeconomic status and adult
brain size: childhood socioeco-
nomic status influences adult
hippocampal size. Ann. Neurol. 71,
653–660.
Stern, Y. (2002). What is cognitive
reserve? Theory and research appli-
cation of the reserve concept. J. Int.
Neuropsychol. Soc. 8, 448–460.
Stern, Y. (2006). Cognitive reserve and
Alzheimer disease. Alzheimer Dis.
Assoc. Disord. 20, S69–S74.
Stevens, C., Lauinger, B., and Neville,
H. (2009). Differences in the
neural mechanisms of selec-
tive attention in children from
different socioeconomic back-
grounds: an event-related brain
potential study. Dev. Sci. 12,
634–646.
Teicher, M. H., Anderson, C. M., and
Polcari, A. (2012). Childhood mal-
treatment is associated with reduced
volume in the hippocampal sub-
fields CA3, dentate gyrus, and
subiculum. Proc. Natl. Acad. Sci.
U.S.A. 109, E563–E572.
Tottenham, N., Hare, T. A., Quinn,
B. T., McCarry, T. W., Nurse, M.,
Gilhooly, T., et al. (2010). Prolonged
institutional rearing is associated
with atypically large amygdala vol-
ume and difficulties in emotion reg-
ulation. Dev. Sci. 13, 46–61.
Tottenham, N., and Sheridan, M. A.
(2010). A review of adversity, the
amygdala, and the hippocampus:
a consideration of developmental
timing. Front. Hum. Neurosci. 3:68.
doi: 10.3389/neuro.09.068.2009
Trzepacz, P. T., and Baker, R. W.
(1993). The Psychiatric Mental
Status Examination. New York, NY:
Oxford University Press.
Turrell, G., Lynch, J. W., Kaplan, G.
A., Everson, S. A., Helkala, E.
L., Kauhanen, J., et al. (2002).
Socioeconomic position across the
lifecourse and cognitive function in
late middle age. J. Gerontol. Ser. B
Psychol. Sci. Soc. Sci. 57, S43–S51.
Victorian Government Department of
Education, and Early Childhood
Development. (2010). Early
Admission into Tertiary Education.
Available online at: http://
www.education.vic.gov.au/student
learning/programs/gifted/schoolop
tions/earlytertiary.htm (Accessed 4
October, 2011).
Williams, L. M., Gatt, J. M., Schofield,
P. R., Olivieri, G., Peduto, A., and
Gordon, E. (2009). ‘Negativity bias’
in risk for depression and anxiety:
brain–body fear circuitry correlates,
5-HTT-LPR and early life stress.
Neuroimage 47, 804–814.
Wood, G. E., Young, L. T., Reagan, L.
P., and McEwen, B. S. (2003). Acute
and chronic restraint stress alter the
incidence of social conflict in male
rats. Horm. Behav. 43, 205–213.
Woon, F. L., and Hedges, D. W. (2008).
Hippocampal and amygdala vol-
umes in children and adults with
childhood maltreatment-related
posttraumatic stress disorder: a
meta-analysis. Hippocampus 18,
729–736.
Zahodne, L. B., Glymour, M. M.,
Sparks, C., Bontempo, D., Dixon,
R. A., Macdonald, S. W. S.,
et al. (2011). Education does
not slow cognitive decline with
aging: 12-year evidence from the
Victoria Longitudinal Study. J. Int.
Neuropsychol. Soc. 17, 1039–1046.
Conflict of Interest Statement: Dr.
Grieve has received consulting fees
from Brain Resource Ltd. Dr. Williams
has received consulting fees and stock
options in Brain Resource Ltd, and is a
stock holder in Brain Resource Ltd. She
has received advisory board fees from
Pfizer. Other authors report no actual
or potential commercial or financial
relationships that could be construed
as potential conflicts of interest.
Received: 16 May 2012; accepted: 24
October 2012; published online: 09
November 2012.
Citation: Noble KG, Grieve SM,
Korgaonkar MS, Engelhardt LE, Griffith
EY, Williams LM and Brickman AM
(2012) Hippocampal volume varies
with educational attainment across the
life-span. Front. Hum. Neurosci. 6:307.
doi: 10.3389/fnhum.2012.00307
Copyright © 2012 Noble, Grieve,
Korgaonkar, Engelhardt, Griffith,
Williams and Brickman. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors
and source are credited and subject to
any copyright notices concerning any
third-party graphics etc.
Frontiers in Human Neuroscience www.frontiersin.org November 2012 | Volume 6 | Article 307 | 10
